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Motivation and Background
Today, more than 600,000 bone graft surgeries are performed in the United States annually. In traditional clinical practices, allografts and autografts, are used to restore damaged tissue. However, their use presents a high risk of bacterial infection and immune rejection in the body [1] . Infection is a significant concern during implant surgery due to bacteria [2] . Moreover, numerous bacteria have become resistant to conventional antibiotics and drugs [3] .Thus, developing new methods to treat or prevent bacterial infections is necessary.
Fortunately, tissue engineering has an advantage over traditional methods for tissue regeneration as there is a minimal immune system response [4] . Tissue engineering aims to develop biocompatible tools to improve cell growth, proliferation and differentiation. One of the focuses of tissue engineering is the extracellular matrix (ECM), which provides structural support to the cells [1] . We use electrospinning to fabricate the ECM-like scaffolds, which has similar properties to that of native ECM such as porosity, pore shape and size. In electrospinning, a jet of polymer solution is formed when electrostatic repulsion overcomes the surface tension. The fibers are formed and collected on the grounded target as a consequence of solvent evaporation and a whipping process [5] . Chitosan is a biodegradable, anti-bacterial and biocompatible material [6] and can improve osteoblast cell differentiation and proliferation [7] . Therefore, herein we fabricated chitosan scaffolds combined with polyvinyl alcohol (PVA), which is another biocompatible material that helps facilitate the electrospinning process by reducing the surface tension of the solution [8] .
To overcome antibacterial infection and reduce the use of antibiotics, various inorganic nanoparticles have been used as alternatives to treat bacterial infections due to their size and shape-dependent physicochemical properties [9] , [10] . Zinc Oxide (ZnO) is indexed as "generally recognized as safe" by the U.S. Food and Drug Administration (21CFR182.8991) [11] . ZnO particles with different sizes and shapes exhibit different degrees of antibacterial effects [12] . In this study, chitosan/PVA scaffolds were incorporated with differently shaped ZnO particles to afford an antimicrobial effect while promoting cell adhesion and proliferation.
Objective and Scope
The objective of this study was to synthesize ZnO nanoparticles with different shapes embedded in PVA/chitosan scaffolds to facilitate bone growth while minimizing the infection.
CRITICAL LITERALTURE REVIEW
THE EXTRACELLULAR MATRIX (ECM)
The extracellular matrix is made up of multiple components outside all cells and tissues. It not only provides structural support and scaffold for cells, but also contains functional proteins to mediate proliferation, differentiation, migration, survival and adhesion of cells [13] . The ECM is a dynamic and evolving system that responds to its environment [14] . Thus, the composition and organization of the ECM varies with time and location within the body (e.g. epithelial and fibroblasts).
The ECM is mainly composed of a number of collagens, adhesive proteins and proteoglycans [14] . The structural proteins, like collagens and elastins, provide tensile strength and stiffness for the ECM [13] . Fibronectin and laminin are molecules that influence adhesion, proliferation and migration of cells, repair injured cells, and stimulate cells to secrete various functional proteins [15] . Proteoglycan, a product from the enzymatic process of glycosylation, which is a reaction that attaches glycosaminoglycans to core proteins, is cross-linked with other ECM components to form gel-like substances [13] . Besides its structural materials, growth factors, chemokines, and cytokines are also embedded in the ECM. These elements can send signals to change the behavior of cells [15] . Moreover, site-specific components and structural orientations of ECM are observed due to the various growth factors, chemokines and cytokines that are specific to each tissue type in the body.
ELECTROSPINNING
Electrospinning is an efficient method to produce non-woven fibers, with diameters ranging from several micrometers to hundreds of nanometers in scale [16] .
In the electrospinning process, a high voltage is applied between the nozzle and the grounded collector, generating a high electric field, which charges the droplet of polymer solution at the nozzle tip and causes it to deform into a conical shape (called a Taylor cone) [17] . As the voltage increases enough to overcome the surface tension of polymer solution, one or several jets from the nozzle tip are ejected and subsequently experience stretching, whipping and solvent evaporation. During that time, the jets become thinner, and nanofibers are formed. This produces a final product of nanofibers deposited on the grounded target [18] .
The electrospun nanofibers have a high surface-to-volume ratio [5] , degree of porosity and small pore size within fibers. Their characteristics are similar to those of natural extracellular matrix (ECM) and can promote cell adhesion, migration and proliferation [19] .
TISSUE ENGINEERING
Tissue Engineering is a multidisciplinary science, mainly focused on the formation and restoration of tissues and organs via the combination of the fields of biology, materials and engineering [19] . This mainly involves scaffolds, cells and growth factors.
Cells are grown on the ECM-like synthetic scaffolds that are embedded with growth factors, which provide cues to guide cell differentiation and proliferation [20] . Tissue engineering has an advantage over xenografts, allografts and autografts for tissue regeneration because in induces only minor immune system responses.
Importantly, the scaffold is expected to degrade and be replaced by the newborn tissue or organ [21] . Therefore, biopolymers, including natural and synthetic polymers, are highly attractive candidates for scaffold construction due to their outstanding biocompatibility and flexible biodegradation. Using pure polymers to fabricate scaffolds has disadvantages because of their lower and unstable mechanical strength, which makes them inadequate for load-bearing scaffold. The incorporation of natural polymers, like collagen and chitosan with synthetic polymers such as poly(lactic acid) (PLA), poly(lactic acid-co-glycolic acid) (PLGA), and poly(vinyl alcohol) (PVA), can produce ECM-like scaffolds that possess the ideal mechanical properties by controlling the volume fraction of components or utilizing crosslinkers [22] , [23] .
Imitating the real ECM scaffolds with proper biological, structural and mechanical properties is critical in tissue engineering because scaffolds act as a home for cell proliferation, growth and differentiation [24] . When designing the scaffold, factors such as porosity, pore size, shape and inter-connective channels, need to be optimized to favor the growth and migration of cells and the mass-transportation of nutrients [25] .
EXPERIMENTAL
SYNTHESIS OF ZINC OXIDE PARTICLES WITH DIFFERENT SHAPES
The method of synthesizing sheet-shaped zinc oxide particles was carried out according to B. C. Heng et al [26] . Briefly, 6 g of zinc nitrate and 0.32 g of cetyltrimethylammonium bromide (CTAB) were added into 90 mL of deionized water with stirring and sonication until the solution was clear. 1.62 g of sodium hydroxide, dissolved in 10 mL of deionized water, was then added into the solution dropwise.
Before being heated up at 90 °C for 4 h, the solution was stirred for 1 h. After the reaction, the solution was cooled to room temperature and was centrifuged at 7000 rpm.
The collected ZnO nanoparticles were washed with ethanol (5 times) and deionized water (5 times), then lyophilized overnight.
The rod-shaped zinc oxide particles were prepared by following the methods of J.
et al [27] . In brief, 1.0175 g of commercial ZnO powder and 5 g of sodium hydroxide were added in 25 mL of deionized water at 60 ℃. After stirring for 30 min, 10 mL of the solution was diluted with 90 mL of preheated deionized water at 60 ℃. The resulting diluted solution was then transferred to a teflon-lined stainless-steel autoclave for 3 h at 60 ℃ in the oven. Subsequently, the suspension was cooled to room temperature and was centrifuged at 7000 rpm. The collected ZnO nanoparticles were washed with ethanol (5 times) and deionized water (5 times), then lyophilized overnight.
FABRICATION OF POLYMER SCAFFOLDS VIA ELECTROSPINNING
To prepare the 11 wt% PVA and 3 wt% chitosan solutions, the PVA powder (Sigma, US) with a molecular weight between 12,000 and 23,000 was dissolved in deionized water at 70 ℃ for 4 h with constant stirring, and chitosan (Sigma, US) with a low molecular weight was dissolved in 2% acetic acid under constant stirring at 50 ℃ for 4 h. The composite solutions of PVA/chitosan were prepared by blending 11 wt% PVA and 2% chitosan at a ratio of 9:1 (v/v, PVA:chitosan) [28] . 0.1% (w/w) of ZnO particles were added to the PVA/chitosan solutions with a gentle stirring. The ZnO/PVA/chitosan solutions were degassed with sonication for 10 min at room temperature. The nanofiber was electrospun at a voltage of 30kV applied at the tip of the needle with a flow rate of 1.2 mL/hr. The fiber was deposited on a rotating collector covered with aluminum foil which was 15 cm away from the needle tip at a speed of 200 rpm. Nanofibers were cross-linked by immersing in 0.2 M glutaraldehyde in ethanol, rinsing twice with ethanol for one day each and then dried under a vacuum overnight before the following experiments [28] - [33] .
MECHANICAL AND PHYSICAL CHARACTERIZATION
Scanning Electron Microscopy (SEM)
The morphologies of electrospun scaffolds and ZnO particles were observed using a Hitachi S-4800 high-resolution field emission scanning electron microscope (SEM).
The chemical elements of particles on the surface of electrospun scaffolds were confirmed using energy dispersive X-ray spectroscopy (EDS) paired with the SEM. All samples were sputter-coated with 7 nm of platinum (Pt) beforehand.
Transmission Electron Microscopy (TEM)
The structures of ZnO particles were investigated using TEM (JEM-1010, Peabody, MA). 30 μL of the 1 mg/mL ZnO particle solution was dropped on a 300-mesh copper coated carbon grid (Electron Microscopy Sciences, Hatfield, PA).
Differential Scanning Calorimetry (DSC)
DSC analysis was carried out to assess the change in crystallinity of scaffolds before and after cross-linking with glutaraldehyde. A small piece of each sample (ca. 5 mg) was placed in a pan and covered with the lid. Subsequently, the thermograms were recorded between room temperature and 250 ℃ at a heating rate of 10 ℃•min -1 (TA Instrument differential scanning calorimeter-2910, MA)
X-ray Diffraction (XRD)
The crystallinity of the ZnO particles with different shapes was characterized using an X-ray diffractometer (XRD, Ultima, Rigaku Corp.) with a Cu Kα source between 10
and 70 degrees 2θ with a step size of 0.1˚.
Surface Wettability Measurements
To evaluate the effect of the crosslinking process on the change in hydrophilicity/hydrophobicity of the scaffolds, the contact angles (Pheonix 300 contact angle analyzer, MA) were measured at various time intervals (1s, 10s and 30s).
Brunner-Emmet-Teller (BET)
The surface area and pore radius of ZnO/PVA/chitosan scaffolds were measured using a surface area analyzer (NOVAe, Quantachrome, USA). Approximately 10 mg of scaffolds was placed in the test tubes and then degassed for 1 day. Nitrogen was used as the adsorbate at 77k.
Weight Loss Tests
The crosslinked scaffolds were cut into small pieces and weighed before immersing in phosphate buffered saline (PBS, pH=7.4, Fisher, PA, USA) at 37℃ at various time intervals (1, 14, 30 and 60 days). After completion of the incubation, the scaffolds were dried under a vacuum oven at room temperature and subsequently weighed. Weight loss was calculated as follows:
Weight loss(%) = w 0 − w d w 0 × 100 in which w0 is the initial weight and wd is the dry weight after the incubation.
Dynamic Light Scattering (DLS)
ZnO particle solutions were prepared at a concentration of 1 mg/mL and then transferred to fluorimeter cuvettes. Sample size distribution was analyzed using dynamic light scattering (DLS, Brookhaven Instruments, Holtsville, NY). penicillin/streptomycin (ATCC 30-2300). Cells were incubated in a humidified and 5% CO2/95% air environment at 37 ℃.
Cell Assays
Cell Culture
Cytotoxicity Assay of ZnO Particles
hFOBs were cultured to ca. 90% confluence in a T75 flask and subsequently rinsed with phosphate buffered saline (PBS, pH=7.4, Fisher, PA, USA) once. After removing the PBS, cells were detached using 0.25% trypsin-EDTA (Sigma). The cell suspension was centrifuged to form a pellet and then re-suspended with fresh cell growth medium.
The following suspension was diluted at a density of 100,000 cells/mL. 100 μL of the cell solution was added to tissue-culture treated 96-well plate (Thermo Fisher Scientific, 
Cell Adhesion Assay
Electrospun scaffolds were punched into a circular shape 10 mm in diameter and attached on the circular coverslips. Samples were placed individually into the wells of a 24-well plate and sterilized under UV light in a biosafety cabinet for 1 h. Before seeding cells, scaffolds were washed by PBS. The preparation of cell suspension was exactly the same as that of the cytotoxicity assay of ZnO particles, with the exception that the density was 30,000 cells/mL. 1 mL of this solution was added to each well (15,000 cells/cm 2 ). The plates were placed into the incubator for 4 h to allow the cells to adhere on the scaffolds. After the medium was removed, samples were rinsed with PBS and removed into a new 24-well plate. A well-blended solution of 1 mL culture medium and 200 μL MTS dye was pipetted into each well. After 3 h of incubation, 120 μL of solution per well was transferred to a 96-well plate in triplicate. The absorbance value was measured at a wavelength of 490 nm using SpectraMax M3 microplate reader.
Cell Proliferation Assay
The cell proliferation assay was performed in the same way as the cell adhesion assay, with the exception that the density was 10,000 cells/mL and the culturing time was extended to 1, 3 and 5 days before adding MTS dye solution. The medium was changed every two days.
Quantification of Calcium Deposition
The quantichrom TM calcium assay kit (DICA-500; BioAssay Syetem, Hayward, CA) was used. After 7 and 21 days of culture (same conditions as the cell proliferation test) the assay was performed following the protocol from the BioAssay System.
Protein Detection
The quantichrom TM alkaline phosphatase assay kit (DICA-250; BioAssay System, Hayward, CA) was adopted to perform protein detection in the same way as the quantification of calcium deposition.
Bacteria Assays
Bacteria Culture
Staphylococcus epidermidis (S. epidermidis, ATCC 35984), methicillin-resistant
Staphylococcus aureus (MRSA, ATCC 43300), Pseudomonas aeruginosa (P.
aeruginosa, ATCC 27853) and Escherichia Coli (E. Coli, ATCC 25922) were used in this study. A single isolated colony of bacteria was scraped from its starter plate and seeded into 5 mL of 3% tryptic soy broth (TSB). After being cultured in a shaking incubator for 16-18 h to late exponential phase at 37℃, the solution was diluted in TSB to reach the absorbance of 0.52 at a wavelength of 562 nm (corresponding to ca. 10 9 cells/mL). The concentration was adjusted to 10 6 cells/mL for the growth curve assay and 10 5 cells/mL for colony counting.
Bacteria Growth Assay of Zinc Oxide Particles
Bacteria (MRSA, S. epidermidis, P. aeruginosa and E. Coli) were seeded in a 96-well plate at a density of 10 6 cells/mL, and were subsequently co-cultured with ZnO particles at different concentrations (0.001, 0.005, 0.01, 0.05 and 0.1 mg/mL). The plate was placed into a spectrophotometer and the optical density (OD) was measured every 2 min for 24 h at a wavelength of 562 nm under static conditions at 37℃.
Growth Curve Fitting Using Gumpertz Equation
The growth curves of MRSA, S. epidermidis, P. aeruginosa, and E. Coli treated with ZnO particles were fit using Gumpertz equation [35] , which is written as:
in which y is the OD562 value and t is the time point (in hours). Three parameters were used to characterized the growth curve: (i) the lag time (λ), (ii) the maximum growth rate (μmax) and (iii) the asymptotic value (A), which were calculated using the following expressions:
Bacteria Colony Counting of Electrospun Scaffolds
Before seeding bacteria, the preparation of the electrospun scaffold samples was the same as that of the cell adhesion assay. 1 mL of bacteria (MRSA, S. epidermidis, P.
aeruginosa and E. Coli) solutions at a density of 10 5 cells/mL was added in each well.
The plate was then cultured in the incubator at 37 ℃ for the span decided from the best antibacterial results of growth curve with different bacteria. After incubation, the samples were rinsed twice with PBS to remove non-adherent bacteria and then sonicated for 15 min to detach the adherent bacteria in 5mL of PBS. The solution was diluted to 1:10 3 , 1:10 4 and 1:10 5 ratios in PBS and dilutions were pipetted on TSB agar plates (3 X 10 μL per dilution). TSB agar plates were incubated for 13 h and then colony forming units (CFU) were counted manually.
STATISTICAL ANALYSIS
For cell and bacteria cultures, the experiments were repeated at least three times.
Results are expressed as mean ± standard error of the mean and Student's t-tests were used to calculate statistical significance which was considered to be p ≤ 0.05. ZnO particles is presented in Table 1 . Both commercial and sheet-shaped ZnO particles had a monodisperse size distribution (Figure 2 (g) and (i) ) and the rod-shaped ZnO particles were polydisperse (Figure 2 (h) ). 
Cell Assays
After the 24 h treatment with varying concentrations of differently shaped ZnO particles, the cytotoxicity to hFOB was conducted using MTS assay. 
Material Characterization
The chitosan/PVA solutions with volume ratio of 1:9 were electrospun. Figure 9 (a) shows a SEM image of beaded fibrous structures, which may influence the mechanical property of scaffolds for future applications. To optimize structure, the flow rates from 1.0 to 3.0 mL/h and voltages from 18 to 30 kV were tested. As shown in Figure 9 (b), a bead-free scaffold was obtained at a flow rate of 1.2 mL/h at 30 kV with a mean diameter of 242 ± 58 nm measured from TEM. With the decreasing pH value treatment, the chitosan/PVA scaffolds became denser and more aggregative due to new links formed between CS/PVA fibers by glutaraldehyde ( Figure 10 ). 
The mechanism of reaction between PVA and glutaraldehyde are illustrated in Figure 11 . During the crosslinking process, the dehydration reaction occurred, which was catalyzed by the acid. Maintaining the morphology of electrospun scaffolds is important for further application. After soaking in PBS for 24 h at 37 ℃, the morphologies of scaffolds treated at a pH of 2.51 and 1.76 were dissolved, and the products are shown in Figure   12 (a) and (b). As the pH value decreased to 1.55 and 1.38, the morphologies did not completely dissolve, but could not maintain their original structures (Figure 12 (c) and
When pH values were 1.25 and 1.2, the morphologies were maintained but the effect of pH 1.2 was better than that of pH 1.25. The pore radius and volume of noncrosslinked and crosslinked scaffolds are summarized in Table 3 . After crosslinking, the pore radius and volume of the scaffold slightly increased. Table 4 . Commercial, rod-shaped and sheet-shaped ZnO particles were dispersed in chitosan/PVA solution and electrospun to obtain composite scaffolds. The SEM images
showed that the ZnO particles were attached on the surface of scaffolds (Figure 13 To evaluate the effect of the crosslinking process on change in hydrophilicity/hydrophobicity of the scaffolds, the contact angles were measured at various time intervals (1s, 10s and 30s). The contact angles significantly decreased after crosslinking, which indicated that the crosslinked scaffolds were superhydrophilic compared to the non-crosslinked samples. The contact angles of non-crosslinked scaffolds ( Figure 16 ) was around 27˚, and did not change with time because the water dissolved the scaffolds to form a polymer solution, which could maintain its shape. After crosslinking (Figure 17 ), a droplet of water flattened almost immediately within 10 seconds. The contact angles of each scaffold are presented in Table 5 . 
Cell Assays
Cell Adhesion and Proliferation
The results of hFOB adhesion and proliferation on chitosan/PVA/ZnO scaffolds are shown in Figure 18 . Generally, scaffolds did not improve the adhesion and proliferation of cells compared to the non-tissue cultured plate (plate without scaffolds), indicating that scaffolds were slightly cytotoxic to cells due to the remaining glutaraldehyde or the structures, such as pore size and volume, did not favor the growth of cells. 
Alkaline Phosphatase Activity and Calcium Secretion of hFOBs
The ions Ca 2+ and inorganic phosphate are ingredients to form hydroxyapatite (HA), which is a key component of bone. Alkaline phosphatase is a protein enzyme and dephosphorylation compound, which produces the needed inorganic phosphate.
The results of alkaline phosphatase (ALP) and calcium deposit detection of chitosan/PVA/ZnO scaffolds are shown in Figure 19 . On average, chitosan/PVA/ZnO scaffolds boosted alkaline phosphatase activity over 58% with time compared to nontissue cultured plate. Although the Ca 2+ concentrations of chitosan/PVA/ZnO scaffolds were higher compared to non-tissue cultured plate, they did not change over time. 
Bacterial Colonization
The antibacterial results of chitosan/PVA/ZnO scaffolds are shown in Figure 20 with four bacterial species. The chitosan/PVA/ZnO with sheet shape has a significant reduction in bacterial activity of S. epidermidis (exceeding 60%) compared to plain chitosan/PVA scaffolds. The growth of S. epidermidis was slightly inhibited (40%) by scaffold with rod-shaped ZnO. For MRSA, there was no obvious antibacterial effect, nor did the scaffolds exhibit any antibacterial activity of P. aeruginosa. Scaffolds with commercial ZnO had only a minor reduction in the growth of E. Coli.
The results of bacterial colonization were not quite consistent with that of the free ZnO particles due to poor exposure and low concentration of ZnO particles at the surface. Scaffolds were fabricated by electrospinning polymer solution to form fibers, which deposit layer by layer so that ZnO particles on scaffolds are not entirely exposed to bacteria. 
